We report on temperature dependent measurements of the Longitudinal Spin Seebeck Effect (LSSE) in the mixed valent manganite La0.7Ca0.3MnO3. By disentangling the contribution arising due to the Anisotropic Nernst effect, we observe that these two thermally driven phenomena vary disparately with temperature. In a narrow low temperature regime, the LSSE exhibits a T 0.55 dependence, which matches well with that predicted by the magnon-driven spin current model. Across the double exchange driven paramagnetic-ferromagnetic transition, the LSSE exponent is significantly higher than the magnetization one. These observations highlights the importance of individually ascertaining the temperature evolution of different mechanisms which contribute to the measured spin Seebeck signal.
The Spin Seebeck Effect (SSE) [1] [2] [3] [4] [5] [6] pertains to the generation of a thermally induced magnonic spin current in a magnetic material subjected to a temperature gradient. The favored means of measuring this spin current is in the form of the longitudinal Spin Seebeck Effect (LSSE), where a normal metal (NM) with a large spin orbit coupling (typically Pt) is deposited on the magnetic material, and a temperature gradient is applied perpendicular to the plane of the interface [7] . The inverse Spin Hall Effect (ISHE) enables the conversion of the spin current to a measurable electrical potential difference E ISHE ∝ j S × σ (where J S is the spin current density and σ is the spin polarization of the itinerant electrons in the NM layer) [8] . Junctions comprising of the ferrimagnetic insulator Y 3 Fe 5 O 12 (YIG) and Pt are now recognized as being model systems for investigations of the LSSE, and recent measurements have focused on the dependence of the LSSE signals on control parameters like temperature [5, [9] [10] [11] , magnetic field [12, 13] and sample thickness [14, 15] . Temperature dependent LSSE measurements have also revealed a remarkable correlation of this quantity with intrinsic properties of the magnetic material, and a few strongly correlated systems have been explored in this fashion [16] [17] [18] .
The investigations of material systems which are not as insulating as YIG are however plagued by contaminated SSE signals. These spurious signals arise as a consequence of the anomalous Nernst effect (ANE) in the magnetic sub-unit as well as the proximity induced ANE in the Pt layer, both of which -by virtue of the geometry of the LSSE -contribute additively to the measured voltage. The disentanglement of these additional contributions from the spin Seebeck signal is clearly imperative for an accurate description of this phenomena. This is especially so, since the agreement between theory and experiments remains tenuous, both in the vicinity of magnetic phase transitions, as well as in the low T regime, where the magnonic spin current is expected to be relatively unaffected by phonons and other associated scattering mechanisms [19, 20] .
Mixed valent manganites of the form La 1−x A x MnO 3 (with A being a divalent alkali metal), where double exchange gives rise to ferromagnetism and concomitant metallicity and are of special interest owing to their high spin polarization and colossal magnetoresistance [21] . Interestingly, prior measurements of the LSSE on such optimally doped ferromagnetic specimens have been contradictory to each other. For instance, a report using the transverse geometry failed to detect any voltage corresponding to the SSE in La and concluded that the observed magneto-thermoelectric voltages were entirely comprised of anomalous and planar Nernst effect signals [22] . On the other hand, a subsequent LSSE measurement on the same system suggested that more than 95% of the thermally driven voltage arises from the magnonic spin current contribution alone, with the ANE contribution being barely discernible [18] . In this letter, we report temperature dependent LSSE measurements of the closely related La 0.7 Ca 0.3 MnO 3 system in an attempt to resolve this apparent contradiction. Interestingly, our results are at variance to both these reports, and also reveals a low-T regime where the functional form of the observed SSE voltage matches well with an existing theoretical model.
Recently, a quantitative disentanglement of the SSE from both the possible spurious ANE contributions was reported [23] . Using a set of Pt-NiFe 2 O x /Ni 33 Fe 67 bilayers (with sample resistances varying across 7 decades) and utilizing in-plane and out-of-plane measurement geometries, it was demonstrated that the proximity-induced ANE was a contributory factor only in the most metallic of specimens (with ρ ≈ 10 −7 Ωm). Since manganites are known to be dirty metals (with resistivities of the order of 10 −3 Ωm), a contamination of the LSSE signals by the proximity-induced ANE can be ruled out in our case. To disentangle the ANE and LSSE contributions, measurements were done in the standard LSSE geometry ( Figure 1 ) on both -a bare LCMO film and a LCMOPt bilayer, 200 nm thick epitaxial thin films of the nominal composition La 0.7 Ca 0.3 MnO 3 were grown on a LaAlO 3 (100) substrate using pulsed laser deposition, and a 10 nm Pt (or a 13 nm W) film was coated on top of the magnetic layer using dc sputtering. The voltage measured across the the bare LCMO film comprises of the ANE alone (V AN E ), whereas that measured across the LCMO-Pt bilayer (V T otal ) is a sum of the intrinsic magnonic contribution (V LSSE ) and the spurious contribution due to the ANE in the LCMO film (V AN E ). Since these voltages are measured across different effective resistances, we report all the voltages in their normalized form ie, V T otal / V LSSE and V AN E are normalized using the resistances of the LCMO-Pt(W) device and the bare LCMO film respectively. Figure 1 The temperature dependence of the magnetization (M ), the resistivity (ρ) and the individual ANE and LSSE contributions are depicted in Figure 2 . Our LCMO specimen exhibits a double-exchange driven paramagnetic-ferromagnetic phase transition at 227 K, which is in line with the reported phase diagram [21, 25] . The onset of the transition in V AN E coincides exactly with the resistive transition, whereas the onset of V LSSE transition is observed deeper within the ordered phase. The temperature dependence of the ANE and SSE signals are also disparate. As a function of reducing temperature, the V AN E initially rises below the transition regiona consequence of both the increase in M and reduction in ρ -and below 100 K, V AN E falls as a function of temperature. By the Mott's relation, V AN E is expected to vary as
e and E F being the transverse electrical conductivity, the Boltzmann constant, the charge of an electron, and the energy at the Fermi level respectively [26] . In the low-T limit, as M becomes invariant, V AN E is thus expected to vary linearly with T . As is depicted in Figure 2 (c) the temperature dependence of V LSSE is slightly different, with its increase being steeper as a function of decreasing temperature. In similarity to that reported in other systems, a peak in V LSSE (T ) is also observed at lower temperatures. This peak deep within the magnetically ordered regime is a defining feature of all T dependent measurements of the LSSE and is suggested to arise as a consequence of the T dependence of the magnon relaxation rates and population. Theoretical descriptions of the magnon-driven Spin Seebeck effect have relied on the mechanism of spin pumping caused by a finite difference between the effective magnon temperature in the ferromagnetic material and the electron (and phonon) temperature in the NM Pt layer. First proposed in the context of the transverse measurement geometry [27] , this model was later modified for the LSSE geometry by Rezende and co-workers [28] . On an application of a thermal gradient ∇T , the spin current density ( J s ) flowing through the interface is given by
, where γ, , g ↑↓ ,k B , M s and V a refer to the gyromagnetic ratio, the Planck constant, the spin-mixing conductance, the Boltzmann constant, the saturation magnetization and the magnetic coherence volume respectively [27] . The temperature dependence of this spin current is thus primarily expected to arise as a consequence of the T dependence of the magnetic coherence volume [V a = 2 3ζ . This spin current flows into the Pt layer, with a spin diffusion length λ P t and generates a charge current J c = 2e θ P t J s × σ,where e, θ P t and σ refer to the electronic charge, spin Hall angle of Pt and spin polarization of the conduction electrons in Pt respectively [8] . The corresponding SSE voltage is given by V LSSE = R d l P t λ P t 2e θ P t tanh t P t 2λ P t J s , where R d , l P t and t P t are the resistance between the contacts across Pt, length of the Pt bar and thickness of the Pt layer respectively [28, 29] . Since tanh t P t 2λ P t ≈ 1 in our case, and with λ P t ∝ T −1 [30] and M s being invariant at low temperatures,
-implying that V LSSE should vary as T 0.5 , at-least at low temperatures. However, prior measurements on the model YIG-Pt system have revealed a linear T dependence, which has been attributed to the quadratic magnon dispersion in YIG [10] , and on the influence of the thermal conductivity in determining the functional form of V LSSE [9] . Figure 3 depicts an expanded view of the T dependence of V LSSE as measured in the LCMO-Pt bilayer at low temperatures. We observe that at the lowest temperatures, V LSSE varies as T 0.55 -an observation which is in good agreement with the spin magnon theory. In excess of 40K, V LSSE exhibits a T 0.3 dependence, presumably due to the additional phonon-magnon scattering processes. It has been suggested earlier that the low energy (or sub-thermal) magnons contribute disproportionately to the measured V LSSE signal, and that phonon mediated magnon scattering needs to be explicitly considered in describing the magnitude as well as the T and H dependence of the LSSE [19, 31] . Earlier work on YIGPt devices have also suggested an intimate coupling between the thermal conductivity (κ) and the measured V LSSE , reinforcing the importance of phonon-mediated processes in the LSSE [9] . We note that earlier thermal conductivity measurements on La 0.67 Ca 0.33 MnO 3 have indicated that κ(T ) peaks at about 40K [32] , and it is possible that the abrupt change in the measured V LSSE in this temperature regime stems from the change in κ(T ) of the magnetic layer.
Theory and experiments have also failed to reconcile with regard to the functional form of the SSE near the magnetic phase transition. The only prior measurements on YIG-Pt devices have reported that the SSE signal varied as (T c − T ) 3 [5] or as (T c − T ) 1.5 [11] in the vicinity of the magnetic phase transition, whereas the magnetization scaled as (T c − T ) 0.5 , as is expected from mean field theory. However, subsequent theoretical investigations have predicted that the SSE should vary in consonance with the magnetization. For instance, an atomic numerical simulation considering the full spin wave spectrum of the ferrimagnetic YIG suggested that the SSE should have the same exponent as the magnetization [33] . A time dependent Ginzburg-Landau analytical treatment of a (simple single-sublattice) ferromagnet also suggested that the SSE signal should vary along with the magnetization as (T c − T ) 0.5 [34] . Figure 4 depicts the temperature dependence of both V LSSE (T ) as well as M (T ) in the vicinity of the para-ferromagnetic phase transition in LCMO. We obtain a critical exponent of 0.23 for the magnetization which is in reasonable agreement with that reported earlier in bulk and thin film specimens of similar compositions [35] [36] [37] . Interestingly, we obtain an exponent of 0.7 for V LSSE (T ) in the same region. This is in remarkable similarity to that observed in YIG, where the LSSE exponent exceeds the magnetization one. It was speculated that the difference between the magnetization and LSSE exponents in the case of YIG/Pt could arise as a consequence of the ferrimagnetic nature of YIG, or other considerations like the magnetic surface anisotropy [34] . Though spin wave spectra are expected to be material specific, the fact that we observe a similar discrepancy between the Figure 4 . A double logarithmic plot of the Tc − T dependence of the magnetization and the LSSE signal is depicted in the inset and the main panel respectively. The critical exponent of VLSSE is seen to be many times larger than that of the magnetization. magnetization and LSSE exponents in the case of LCMO/Pt indicates this could be a generic feature of the LSSE signals in the vicinity of a magnetic phase transition.
It has been suggested that this difference in the M and V LSSE critical exponents could be a consequence of the fact that the LSSE signal is not only a function of the static magnetic properties of the ferromagnet, but would also be determined by the T dependence of other factors like the spin mixing conductance, the spin-diffusion length and the spin-Hall angle of the NM layer [5] . We note that the intrinsic spin Hall angle of Pt is reported to be invariant in the temperature range of the LCMO transition, and hence is unlike to be a contributory factor [38] . The magnon-driven spin current density is expected to vary inversely with the magnetic coherence volume (V a ), which in turn has a D 3/2 dependence (with D being the spin stiffness co-efficient). Interestingly, it has been reported that in LCMO this spin stiffness co-efficient has an anomalous T dependence in the vicinity of the phase transition and does not fall to zero as T → T c [39] . This is presumably due to the finite magnetic correlations in the paramagnetic phase -a hallmark of the colossal magnetoresistive manganites. It has also been demonstrated earlier, that the spin diffusion length of Pt is nearly invariant in the temperature range of the LCMO phase transition [30, 38] . With these factors being ruled out, it appears that the behaviour of V LSSE (T ) in the vicinity of the magnetic phase transition could arise from the anomalous T dependence of the magnetic coherence volume (V a ). An additional contribution could arise from the spin mixing conductance, whose T dependence vis-a-vis the magnetization (M ) remains to be investigated -at least in the case of LCMO. Clearly, more focused measurements across the para-ferromagnetic transitions in systems spanning across different universality classes would be required to gain further understanding of the V LSSE (T ) in the vicinity of phase transitions. The temperature dependence of the spin mixing conductance could also probably explain why our measured V LSSE (T ) matches well with the magnon-driven spin current model in the low-T regime, whereas model systems like YIGPt do not exhibit this behavior. Recent ferromagnetic resonance (FMR) measurements on YIG have indicated a pronounced T dependence of the FMR linewidth (∆H), implying a change in the Gilbert damping(α) at low temperatures since α = γ∆H 2ω , with γ and ω being the gyromagnetic ratio and the microwave frequency [40, 41] . The spin mixing conductance being related to the Gilbert damping through the relation
∆α (with M S , d f and g being the spontaneous magnetization, film thickness and the Lande's g factor respectively), would thus be expected to have a considerable T dependence [42] [43] [44] . On the other hand, early FMR measurements on La 0.7 Ca 0.3 MnO 3 have indicated that ∆H term is relatively T independent below 100K [45] , and we speculate that it is this relative T invariance of the spin mixing conductance and other terms that allows us to observe the theoretically predicted T 0.5 dependence of V LSSE (T ) in the low temperature regime.
In summary, we report on temperature dependent measurements of the LSSE on an optimally doped La 0.7 Ca 0.3 MnO 3 system. After disentangling the ANE contribution we observe that these two thermal effects have disparate T dependencies. In the low T regime, V LSSE (T ) varies as T 0.5 , as is expected by the magnon-driven spin current model. In the para-ferromagnetic transition region, the V LSSE exhibits an exponent which is much larger than that of the magnetization -a feature which could be generic to most phase transitions of this nature. Our observations reinforces the need to individually ascertain the T dependencies of contributory mechanisms which play a role in dictating both the magnitude of spin current as well as the extent of spin to charge conversion to understand the temperature dependent LSSE in strongly correlated materials.
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